Holographic data storage (HDS) has a number of advantages, including a high transmission rate through the use of a charge coupled device array for reading two-dimensional (2D) pixel image data, and a high density capacity. HDS also has disadvantages, including 2d intersymbol interference by neighboring pixels and interpage interference by multiple pages stored in the same holographic volume. These problems can be eliminated by modulation codes. We propose a 7/9 error-correcting modulation code that exploits a Viterbi-trellis algorithm and has a code rate larger (about 0.778) than that of the conventional 6/8 balanced modulation code. We show improved performance of the bit error rate with the proposed scheme compared to that of the simple 7/9 code without the trellis scheme and the 6/8 balanced modulation code.
Ⅰ. Introduction
Holographic data storage (HDS) systems meet new-generation data storage system demands [1] [2] [3] .
These systems have two advantages-a high density capacity and a high transmission rate because the charge coupled device (CCD) array is exploited when simultaneously reading and writing two-dimensional (2D) pixel image data. Also, by using holographic technology, many pages can be stored in the same volume. Even though HDS shows better capacity and transmission rates compared to other data storages, it has a number of problems, including 2D intersymbol interference (ISI), interpage interference (IPI), and misalignment [4] [5] .
ISI occurs between neighboring pixels in all directions because of the 2D image data.
Misalignment occurs during the data reading and writing procedure as a result of the holographic system's physical beam errors.
To solve these problems, two-dimensional modulation codes are usually applied [5] [6] [7] [8] [9] [10] [11] [12] . One scheme removes the isolated ON or OFF pixel patterns that are the main source of the ISI problem [5] [6] , resulting in a better performance of the modulation code by removing the isolated patterns.
Another scheme incorporates an error-correcting capability. Burr et al. proposed an 8:12 code to improve robustness against noise; this is considered an error-correcting code because the minimum Hamming distance of the code is greater than 3 [8] [9] [10] [11] .
Kim and Lee introduced a trellis modulation structure for error-correction capability [10] . They assigned appropriate codewords to each branch by selecting codewords with a minimum Hamming distance greater than or equal to 2; the trellis modulation then increases the distance of the shortest error event, which creates the error-correction capability. As the minimum
Hamming distance increases, the error-correction This procedure is repeated to the end of the input data.
To extend the previous work, we propose a 7/9
error-correcting modulation code that has a higher code rate and error-correcting capability compared with prior modulation codes [9] [10] [11] . In Section 2, we introduce codewords of a 7/9 error-correcting modulation code for an HDS system. This modulation code has a minimum Hamming distance greater than or equal to 2. We also explain the encoding procedure of the trellis modulation scheme that has an error-correcting capability. In Section 3,
we compare the simulation results to other modulation codes -a no error-correcting 7/9 modulation code, an error-correcting 6/8 modulation code, and a conventional 6/8 balanced modulation code, which has an equal ratio of ON to OFF pixels.
We present our conclusions in Section 4.
Ⅱ. 7/9 Error-Correcting Modulation Code (Fig. 1 ).
Encoding procedure of the error-correcting modulation code
The encoding of the no error-correcting 7/9 modulation code is a simple one-to-one mapping between input and codeword (here in referred to as No ECC 7/9 code). When the modulation code is decoded, the demodulation procedure follows the minimum Euclidean distance rule [12] . The code rate of the No ECC 7/9 code is 0.778, which is larger than the code rate of the 6/8 balanced modulation code. The No ECC 7/9 modulation code has a
Hamming distance equal to 2 or greater than or equal to 4. Meanwhile, the error-correcting 7/9 modulation coding scheme exploits the trellis modulation scheme. The trellis structure makes the shortest error event distance be greater than 3.
Because the input symbol is a 7-bit input, the trellis has 128 states. Table I shows the trellis encoding procedure. This method has a terminating parity symbol, which makes the trellis go back to S0 for a coding gain. Therefore, the real code rate becomes 7m/9(m+1). The value m is the interval between the terminating parity symbols.
The encoding procedure is as follows: First, set the initial state to S0. Then, assign 128 symbols to the corresponding 7-bit input so that the encoder outputs a symbol corresponding to the input on the current state and moves to the next state. This is repeated m times. After that, the parity symbol is We simulated 1000 data pages with a 1024×1024
array size for each page and a blur level of 1.85.
We defined the channel signal-to-noise ratio (SNR)
as the ratio of signal power and the additive white Gaussian noise (AWGN) power, and the channel noise is AWGN. The detection process uses a 2D
SOVA. [13] [14] We chose the interval between the terminating parity symbols to be 30 (m=30). We compared three modulation codes according to the grade of blur, SNR, misalignment level, and interval of parity symbols (m). Figure 3 shows the BER performance with AWGN. No ECC 7/9 code shows a better performance than the conventional 6/8 balanced modulation code because the decoder of the No ECC 7/9 code has 9 pixels for decoding information.
Simulation results
In addition, the No ECC 7/9 code corrects all errors at 18 dB. However, the best performance is shown by the error-correcting 7/9 modulation code. After 14 dB, the modulation code corrects all errors.
Performance depending on the grade of blur is shown in Fig. 4 . In the simulation, the SNR condition is 15 dB. The error-correcting 7/9 modulation code showed the best performance when the blur is less than 2.1. However, as the grade of blur increases, which means worse channel conditions, the performance of the No ECC 7/9 modulation code showed better performance because under unfavorable channel conditions, the trellis scheme has an error propagation that negatively affects the performance. there is a trade-off between the BER and the code rate, which means that a better BER requires a lower code rate, which is a short interval of parity symbols. From the simulation, ECC 7/9 code has no error at 15dB when the terminating parity symbol interval is less than or equal to m=250.
Ⅳ. Conclusions
In this paper, we proposed an error-correcting 7/9 modulation code for an HDS system. Our proposed modulation code increases the code rate compared to the conventional balanced 6/8 modulation code. In addition, by using a trellis structure, error-correcting capability is improved. When the channel is favorable condition, the proposed modulation code with a trellis structure shows better BER performance than the 6/8 balanced and error-correcting modulation codes.
